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Abstract 
Objective:  Our  overall  aims  were  to elucidate  the  temporal  and  spatial  sequence  of  coronary  vascularization  during  development  in 
the  rat,  and  to  determine  whether  basic  fibroblast  growth  factor  expression  corresponds  to  any  phase  of  the  vascularization  process. 
Methods:  Immunohistochemical,  histochemical,  morphometric  and  in  situ  hybridization  analyses  were  performed  on  prenatal  and 
postnatal  hearts  of  various  ages.  Results:  Coronary  vascularization,  which  begins  at  embryonic  day  13 (E13)  with  blood  island-like 
structures in the epicardium,  progresses from  this  layer  toward  the endocardium  as indicated  by  a transmural  gradient  of vascular  volume 
throughout  the ventricles.  Vascular  smooth muscle  first  appears in El7  hearts at the time  a capillary-like  plexus  coalesces and penetrates 
the aorta to form  the main  coronary  arteries. These vessels maintain  an anastomatic  morphology  and must undergo  subsequent remodeling 
in  order to assume adult  branching  characteristics.  The  early  postnatal  period  is characterized  by  development  of  the arterial  tree and the 
enzymatic  differentiation  of  the  arteriolar  and  venular  ends  of  the  capillary  bed.  Although  bFGF  is  expressed  both  prenatally  and 
postnatally,  the highest  mRNA  expression  was  noted  during  the early  period  of  vascularization  (El4  and El5),  and  the early  neonatal 
period  (l-6  days)  which  corresponds  to  a  period  of  substantial  microvascular  growth.  Conclusions:  Coronary  vascularization  follows  a 
temporal  sequence which  includes  transmural  expansion  of  the capillary  bed,  arteriolar  formation  subsequent to vascular  penetration  of 
the aorta, and postnatal  growth,  differentiation,  and remodeling.  Since high  levels  of bFGF  expression  are  correlated  with  key  time  points 
in coronary  vascular  growth,  bFGF  may  play  an important  role  in  this  process. 
Keywords:  Vasculogenesis;  Angiogenesis;  Microcirculation;  Basic  fibroblast  growth  factor;  Development;  Rat,  embryonic  heart:  Rat  heart 
1.  Introduction 
Myocardial  vascularization  during  development  begins 
after  endothelial  precursor  cells  migrate  to  the epicardium 
[l-3].  Capillary  formation  occurs  as  the  precursor  cells 
form  cell-cell  junctions;  they  often  associate with  erythro- 
cytes  or  erythroblasts  to  form  blood  island-like  structures 
[4,5].  A  subepicardial  plexus  forms  and  spreads over  the 
surface  of  the  heart  [l],  and  subsequently,  the  precursor 
cells  infiltrate  the  myocardium  [3].  As  noted  in  many 
species,  the  appearance  of  capillaries  is  followed  by  the 
development  of  a venous  system prior  to the appearance of 
arterial  components  of the coronary  circulation  [4,6,7].  The 
* Corresponding  author.  Department  of  Anatomy,  Bowen  Science 
Bldg.,  University  of  Iowa,  Iowa  City,  IA  52242,  USA. 
arterial  system develops  as smooth muscle  cells  differenti- 
ate  around  endothelial  cells  which  have  formed  vascular 
channels  [2,8].  The  main  coronary  vessels are formed  by  a 
coalescence of  small  endothelial  channels  which  then pen- 
etrate  the  aorta  [9,10].  Recent  work  from  our  laboratory 
has  quantified  the  growth  of  the  microvasculature  and 
demonstrated  a process of  capillary  ultrastructural  matura- 
tion  in  the  rat  heart  during  growth  in  utero  and  after 
grafting  in  oculo  [5]. 
Although  the regulation  of  coronary  vasculogenesis  and 
angiogenesis  may  involve  several  mechanisms,  growth 
factors  appear to play  a major role.  Basic fibroblast  growth 
factor  (bFGF)  has  been  implicated  in  angiogenesis  in  a 
Time  for  primary  review  47  days. 
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variety  of  tissues,  and  has  been  shown  to  be  present  in 
high  amounts during  prenatal  development  [ 111. Moreover, 
bFGF  has been localized  in  myocardial  cells  during  prena- 
tal  development  [ 12-141.  This  finding,  coupled  with  evi- 
dence  that  receptors  for  FGF  are  present  in  precardiac 
splanchnic  mesoderm  as well  as  in  cardiac  endothelium 
[13],  suggests that bFGF  plays  a role  in  vascularization  of 
the myocardium. 
The  current  study  was  undertaken  in  order  to:  (1) 
elucidate  the  pattern  of  vascularization  in  the  rat  heart 
during  prenatal  and postnatal  development,  and (2)  deter- 
mine  whether  changes  in  basic  fibroblast  growth  factor 
expression  correspond  to any specific  growth  phases of the 
coronary  vascular  bed. 
2. Methods 
2.1. Animals  and  tissue processing 
Hearts  were  obtained  from  Sprague  Dawley  rats  at 
various  times  of  gestation  and  at  various  ages  during 
postnatal  growth.  In  pregnant  dams anesthesia was induced 
with  sodium  pentobarbital  (Nembutal),  50  mg/kg,  i.p., 
and both  uterine  horns  were  removed  and placed  in  Tris- 
Tyrode  solution  (pH =  7.4).  After  the fetuses were decapi- 
tated their  hearts  were  excised  and either  (1)  placed  on  a 
cork, covered with  OCT  compound  and rapidly  frozen  in  a 
slush  consisting  of  dry  ice  and isopentane,  or  (2)  fixed  in 
4%  paraformaldehyde.  Postnatal  rats  were  anesthetized 
with  ether,  their  hearts excised,  and either  frozen  or fixed 
as described  above.  The  fixed  hearts  were  processed and 
embedded in  either  paraffin  for  in  situ  hybridization  stud- 
ies,  or  JB-4  plastic  for  morphological  studies  of  serial 
sections.  Frozen  hearts  were  stored  at  -  70°C  and  subse- 
quently  utilized  for  immunohistochemical  and histochemi- 
cal  analysis.  All  data  in  this  study  are based on  experi- 
ments which  were  performed  a minimum  of  three times. 
2.2.  Griffonia  simplicifolia  I  (GSI)  immunojluorescence 
Sections,  6  pm  in  thickness,  were  prepared  from  the 
frozen  hearts,  placed  on  permafrost  positive  slides,  and 
incubated  with  rhodamine  tetramethylisothyocyanate- 
labeled  B,  isomer  of Griffonia  simplicifolia  I (Sigma),  at a 
1:  100 dilution  for  30 min  in  a humidified  chamber kept in 
the  dark.  This  lectin  has  an  affinity  for  a-methyl-D- 
galactopyranosyl  groups  and  serves  as  a  microvascular 
marker  [5,15].  After  the  slides  were  rinsed  and coverslips 
attached  with  an  aqueous  mounting  medium,  they  were 
viewed  with  a Nikon  Labophot  microscope  equipped  with 
a rhodamine  filter  block  for  epifluorescence,  and selected 
fields  were  photographed.  For  routine  histology,  adjacent 
sections were  stained with  hematoxylin  and eosin. 
For  a quantitative  analysis  of  relative  transmural  vascu- 
lar  volume  we  selected  4  time  points:  gestation  days  (E) 
15,  18, 20,  and 22.  Vasculogenesis  in  rats begins  on  day 
13, and the fetus  is at full  term on day 22. Cross-sections, 
obtained  at  the  mid-point  along  the  long  axis  of  the 
ventricles  of  frozen  hearts,  were  exposed  to  the  GSI-B, 
lectin.  Micrographs  of  these sections  were  projected  onto 
drawing  paper (X  300)  and 4 successive  zones, 50  pm  in 
thickness,  were  demarcated  from  the  epicardium  toward 
the  endocardium.  In  El5  hearts  only  two  zones  were 
demarcated, since the compact  region  of  the ventricle  was 
not  of  sufficient  thickness.  Vessels were traced and subse- 
quently  their  relative  volumes  were  estimated  by  point- 
counting  analysis  [5].  The  number  of  points  superimposed 
over  vessels divided  by  the  total  number  of  points  in  the 
field  was  used  to  estimate  volume  density  for  each  zone 
according  to the relationship:  V,/V,  =  P,/P,,  where  V,  is 
volume  of  vessels,  V,  is  total  tissue  volume,  P,  is  the 
number  of  points  falling  on  vessels,  and  P,  is  the  total 
number  of  points  in  the field.  Relative  volume  density  for 
a  particular  zone  was  determined  by  dividing  the  vessel 
density  of each zone by  the sum of volume  densities for  all 
zones.  In  order  to  determine  whether  vascularity  was ho- 
mogeneous  from  base to  apex,  longitudinal  sections  were 
prepared  and  3  equidistant  sample  sites  selected,  photo- 
graphed  and  analyzed  by  point  counting,  as  described 
above. 
2.3.  Capillary  enzyme localization 
Enzyme  histochemistry  for  alkaline  phosphatase  and 
dipeptidyl(amino)peptidase  IV  has been utilized  to  distin- 
guish  the  arteriolar  and  venular  portions,  respectively,  of 
capillaries  [16,17].  Briefly,  12-pm  sections were  cut  on  a 
cryostat  and  fixed  in  chloroformacetone  solution  (1: 1). 
Subsequently,  the sections  were  stained  in  the dark with  a 
solution  containing  gly-pro-4-methoxy-B-naphthylamide, 
N,N-dimethylformamide,  and  fast  blue-b  salt  in  a 0.1-M 
sodium  acetate buffer  (pH  5.4).  After  rinsing  in  water,  the 
slides  were  stained  in  a solution  containing  naphthol  AS- 
MX  phosphate,  N,N,-dimethylformamide,  4-amino- 
diphenyl  diazonium  sulfate  in  0.1-M  Tris  HCl  buffer  (pH 
9.2)  and then post-fixed  in  4% formalin. 
2.4. Basic jibroblast  growth  factor  immunohistochemistry 
We used 6-pm-thick  sections  affixed  to  superfrost-plus 
slides  prepared  from  frozen,  unfixed  hearts.  The  sections 
were  fixed  in  4%  paraformaldehyde  in  phosphate  buffer. 
Our  protocol,  modified  after Casscells et al. [18],  is briefly 
described.  After  quenching  endogenous  peroxidases  with 
0.3%  H,O,,  the  reactive  sites were  unmasked  by  placing 
the  slides  in  0.2%  hyaluronidase  in  0.01-M  acetate buffer 
(pH  5.1)  for  15  min  at  room  temperature.  Background 
staining  was blocked  by  incubation  in  5%  normal  bovine 
serum.  Primary  antibody  incubation  was  carried  out  in  a 
humidified  chamber  for  90  min.  Subsequently  the  tissues 
were  incubated  with  a biotinylated  secondary antibody  for 
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2  h,  an  ABC  complex  (Vector)  for  30  min,  and  then 
reacted with  3,3’-diaminobenzidine-H,O,  for  10 min.  The 
sections were counterstained  with  hematoxylin.  As  a nega- 
tive  control  the  primary  antibody  was  omitted.  Rat  brain 
tissue was utilized  as a positive  control. 
2.5.  Serial  sections 
Serial  cross  sections,  3  pm  in  thickness,  of  the  basal 
third  of  the heart  were  cut  from  JB-4  embedded hearts  in 
order  to  determine  the  locations,  branching  patterns  and 
extensiveness  of  major  coronary  vessels.  These  sections 
were  stained  with  hematoxylin  and eosin. 
2.4. In  situ  hybridization 
A  395bp  fragment  from  coding  sequence  of  bFGF 
cDNA  [19]  was  cloned  into  the  pGEM  vector.  For  the 
antisense riboprobe,  the DNA  template was linearized  with 
Hind111 and transcribed  in  vitro  with  T7  RNA  polymerase 
in  the  presence  of  35S-UTP.  The  negative  control  sense 
riboprobe  was  synthesized  using  SP6  RNA  polymerase 
from  the  same  template  after  linearization  with  EcoRl. 
The  synthesized  riboprobes  were  precipitated  with  ethanol 
and  the  size  of  the  probes  was  checked  by  separation  on 
agarose  gels  followed  by  autoradiography.  The  probes 
were  base  hydrolyzed  to  about  150-bp  fragments  and 
denatured  before  use by  heating  at  100°C for  2 min. 
We utilized  an in  situ  hybridization  protocol  previously 
described  [20].  Six-micron-thick  sections  of  paraffin-em- 
bedded, paraformaldehyde-fixed  hearts were cut and placed 
on  superfrost-plus  slides,  air-dried,  deparaffinized  in  xy- 
lene  and hydrated  by  passing the slides  through  a series of 
ethanol  to water.  Following  proteinase K (1 mg/ml)  diges- 
tion  for  30 min,  the sections  were  treated overnight  (50°C) 
with  50  ~1  hybridization  buffer  (0.3  M  NaCl,  20  mM 
sodium  acetate, 1 mM  EDTA,  0.4 M  DTT,  1 X  Denhardt’s 
0.02%  ficoll,  0.02%  polyvinyl  pyrolidone,  250  pug/ml 
yeast tRNA,  10% dextran  sulfate,  50%  formamide)  which 
contained  a probe with  activity  of  approximately  3.6 X  IO6 
cpm  of  the probe  (specific  activity  -  10’  cpm/pg).  The 
sections  were  washed  in  2 X SSC  at  60”,  and  then  in 
0.2 X SSC  at  50°C  and  treated  with  20  pg  of  RNase 
A/ml  and  1 U  RNase  Tl/ml  at  37°C.  The  slides  were 
washed  and  dehydrated  in  a  series  of  graded  ethanol 
containing  0.3  M  ammonium  acetate. After  air  drying  the 
sections  and coating  them  with  NTB-2  nuclear  emulsion, 
they  were  stored in  the dark  at 4°C for  2 or  3 weeks, and . 
then  developed.  Hematoxylin  was used as counterstain. 
Four  fields  of  each  antisense  specimen  were  photo- 
graphed  using  darkfield  microscopy.  Images of  the micro- 
graphs were then  projected  onto  a screen and grain  counts 
determined.  For  each slide  the background  was subtracted 
and  the  grain  count  expressed  as  number/l000  pm*. 
Sense control  slides  were  also  counted  to  verify  that  the 
number  of  grains  was  similar  to  the  backgound  of  the 
antisense experimental  slides. 
2.7.  Statistical  analysis 
To  test for  significant  differences  between  groups  we 
employed  analysis  of  variance  and the  Bonferroni  adjust- 
* 
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ZONES (EPI -ENDO) 
Fig.  1. Relative  transmural  myocardial  vascularity  in zones (50  pm  wide)  from  epicardium  (zone  1) toward  the endocardium.  Values  are expressed  as the 
relative  volume  percent  for  each  zone.  ’  The  slope  of  the  line  for  El5  hearts  is  significantly  greater  (P  <  0.001)  than  those  for  the  other  age groups. 
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EPICARDIUM  ARTERIOLE  VENULE 
El  19 
E20 
PRENATAL  MYOCARDIAL 
VASCULARIZATION 
E22  - 
Fig.  2.  Schematic  of  transmural  vascularization  of  ventricular  wall  at  4  embryonic  ages.  Capillarization  follows  an  inward  course  as  the  compact 
myocardium  expands  and gradually  replaces  the trabecular-sinusoidal  system. 
ment for  multiple  comparisons.  Random coefficient  regres- 
sion  analysis  was  employed  to  test for  significant  differ- 
ences for  transmural  vascular  volume  densities. 
3. Results 
3.1.  Transmural  and  regional  uentricular  vascularization 
As previously  shown  in  our laboratory  [51  and by others 
[21],  vascularization  in  the rat begins  on  gestation  day  13 
(E13).  The  compact  (non-trabecular)  ventricular  layer  en- 
larges  with  time  as the trabecular  layer  gradually  declines 
in  relative  volume.  The  developing  microvasculature,  as 
labeled  by  GSI  fluorescence,  was  quantified  by  point 
counting  techniques.  The  relative  volumes  for  each succes- 
sive  transmural  zone  from  epicardium  toward  the  endo- 
cardium  are  provided  in  Fig.  1. The  slopes  of  the  lines 
indicate  that  vascular  density  tended  to  decline  as  the 
ventricular  lumen  was  approached.  Analysis  of  the  slopes 
of  the  lines  also  shows  that  the  slope  for  El5  hearts  is 
significantly  greater than  those for  subsequent age groups. 
Thus,  the gradient  is diminished  by  the time  the El8  age is 
reached.  These  data  provide  a quantitative  index  for  the 
Fig.  3.  Micrograph  of  an El6  heart  which  shows  a vascular  plexus  (arrowheads)  at  the base of  the aorta  (ao)  and  ventricle  (v)  consisting  of  endothelial 
channels  with  no  smooth  muscle.  Micrographs  b-d  are  representative  serial  sections  through  the  aorta  in  a  rostra1  progression.  The  vascular  plexus 
(arrowheads)  lies  in  the adventitia  of  the aorta  (b)  and then forms  a single  channel  (c  &  d).  The  channel  fails  to  penetrate  the media  to communicate  with 
the  aortic  lumen:  the  arrows  indicate  the  boundary  between  the  aortic  wall  (left)  and  the  aortic  valve  (right).  Bars =  50  pm.  b-c  are  at  the  same 
magnification. 
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Fig.  4. E22 heart  showing  a coronary  artery  (asterisk)  in  continuity  with  the aorta  in  representative  serial  sections  (a-c  is a rostra1 direction).  The  wall  of 
the aorta  lies  between  the arrowheads.  Aortic  valve  (v)  is seen. Bar  =  50  pm. 
observation  that  vascularization  of  the  ventricle  proceeds 
as  a  gradient  from  the  epi-  to  the  endocardium.  Our 
analysis  of  longitudinal  sections failed  to detect a base-to- 
apex  vascular  gradient  (data  not  shown).  Accordingly,  at 
least  within  the epicardial  myocardium,  vascularization  is 
uniform  along  the  length  of  the  left  ventricle.  Fig.  2  is  a 
graphic  summary  of  the vasculature  and general  morphol- 
ogy  of  the  ventricular  wall  at  the  four  time  points  of 
prenatal  development.  In  El5  hearts  the  ventricular  wall 
consists mainly  of trabeculae.  In  El&E22  hearts there is a 
progressive  increase in  the compact zone and a diminution 
in  the length  and number  of  trabeculae. 
During  the  prenatal  period  vascularization  is  charac- 
terized  primarily  by  the  formation  of  endothelial-lined 
channels;  venules  appear  relatively  early  (El51  and  in- 
crease in  number  throughout  the prenatal  period.  The  El6 
heart  consists  of  small  vascular  channels  <  20  pm  in 
diameter,  none  of  which  contains  smooth  muscle.  A  net- 
work  of  vascular  channels  is seen at the base of  the aorta, 
some of  which  appear to penetrate the outer  layers  of  the 
aorta (Fig.  3a). As  revealed  by  searching  successive  serial 
sections  (Fig.  5b-d),  these vascular  plexuses  do  not  con- 
nect  with  the  aortic  lumen  at  this  time.  However,  in 
serially  sectioned  El8  hearts  we  found  the  presence  of 
coronary  ostia  joining  the  coronary  arteries  to  the  aortic 
lumen.  These  vessels  contained  l-2  layers  of  smooth 
muscle at the aortic  root.  Along  their  course they branched, 
but  the branches  often  returned  to the parent  vessel. Mus- 
cular  portions  of  these channels  were  limited  to  about the 
basal quarter  of  the ventricles. 
In  E20  hearts  the  coronary  arteries  could  be  traced 
through  about  the  basal  third  of  the  ventricles  before  the 
media  disappeared. In  both  El8  and E20 hearts we consis- 
tently  noted  three muscular  arteries,  with  vascular  lumens 
about  lo-20  pm  in  diameter:  one each in  the free walls  of 
the  two  ventricles  and  one  in  the  interventricular  septum. 
Epicardial  venular  plexuses  were  common  in  all  prenatal 
hearts  16  days  and  older.  In  contrast  the  larger  vessels 
were  found  deeper within  the  myocardium.  Since  we  did 
not  observe  any  smooth  muscle  in  these  vessels,  they 
clearly  resembled  veins  or venules. 
The  major  coronary  changes  observed  during  the  late 
gestation  period  included  an  increase  in  the  size  of  the 
major  coronary  arteries  and the number  of  small  vascular 
channels.  The  main  coronary  arteries at their  attachment to 
the  aorta contained  2-3  layers  of  smooth  muscle  (Fig.  4). 
Fig.  5. E22 heart;  representative  serial  sections  in  an apical  direction  from  (a)  to (c).  The  left  main  coronary  artery  has divided  into  two  branches (a),  but 
the two  branches  unite  again (b).  Note  that the media  is reduced  as the vessel  passes distally  (b,c),  until  the media  begins  disappearing  (arrows  in c).  This 
series  of  micrographs  indicates  that  the media  is  still  incomplete  in  distal  portions  of  arterial  vessels  late  in  fetal  life.  Bar =  50  pm. 
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Fig.  6. Histochemical  reaction  of  vessels  for  alkaline  phosphatase and dipeptidyl(amino)peptidase  IV  (DPP).  In El  8 hearts (a)  capillaries  are unreactive  for 
these enzymes  and only  arterioles  (arrowhead)  react.  Some reactivity  for  alkaline  phosphatase (arrowheads)  and faint  reactivity  for  DPP (arrows)  is seen in 
heart  from  7-day-old  neonate  (b).  By  postnatal  day  26 capillaries  show  preferential  staining  (c,d);  transformation  of  staining  from  proximal  (arrowhead)  to 
distal  (arrow)  aspect of  capillary  is  seen cd). Bar  =  50  wrn  (a  &  b  same magnification  as c). 
lmmunohistochemical  localization  of  bFGF  (e-k).  El8  heart  (e)  staining  intensity  is  less than  that  of  7-day  neonate  (f).  No  primary  antibody  control  (g) 
and cerebral  cortex  as a positive  control  (h)  are shown.  Heart  from  a 26-day  postnatal  rat (i,j)  indicates  relatively  strong  immunostaining  with  a particularly 
strong  staining  in  media  of  arterioles  (arrow  in  i)  and some staining  of  myocyte  nuclei  (arrows  in j)  and capillaries  (arrowheads  in j).  At  2 months  of  age 
(k)  the intensity  of  immunoreactivity  is reduced  in  myocytes.  Bars =  50  pm  (e-h  are at the  same magnification). 
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Fig.  7. Darkfield  micrographs  of  hybridization  with  antisense  riboprobes 
showing  bFGF  mRNA  in  El8  (a)  and  postnatal  day-7  (b)  hearts.  The 
distribution  of  grains  is fairly  homogeneous,  but  the 7-day  hearts  have  an 
increased  level  of  expression  compared  to E18.  Bar  =  50  pm. 
However, we noted that the anastomotic arrangement of 
branches of  some of  these vessels persisted at term. As 
illustrated  in  Fig.  5, branches of  a main coronary artery 
may unite  to form  a single vessel as they pass apically 
through  the myocardium. This  pattern suggests that  the 
media begins  forming  near  the  base of  the  ventricles 
within  anastomotic  channels  and will  require future remod- 
eling  in  order to establish the normal tree-branching pat- 
tern characteristic of the adult. 
3.2. Development  of enzyme expression 
Capillaries have been shown to have regional enzymatic 
characterization, i.e., the arteriolar portions  stain prefer- 
entially  with  alkaline phosphatase  while  the venular por- 
tions  stain preferentially  with  dipeptidyl(amino)peptidase 
IV  when incubations for both enzymes are performed on 
- 
the same  sections [ 161.  As seen  in Fig. 6a-d,  capillaries in 
prenatal  rat  hearts are negative for  these enzymes. In 
neonates  alkaline phosphatase  reaction occurs in arterioles 
but  not  capillaries.  Some reactivity  is  seen at postnatal 
days 7 and 10, and by 18 days (data not shown) capillaries 
enzymatic differentiation  is seen in  virtually  all  capillary 
profiles  (Fig.  6a-d).  However, a comparison of  the per- 
centage  of capillary profiles which are preferentially stained 
for  dipeptidylpeptidase is higher  (P = 0.002) at 27 days 
than  at  2  months; means  f  s.e. are 50.72 + 0.97%  and 
44.60 + 0.80% respectively. 
3.3. Basic jibrobast  growth  factor  (bFGF) 
Immunoreactivity for bFGF was generalized throughout 
the myocardium at all  of  the developmental time points 
studied (Fig.  6e-k).  Myocardial  cells  were consistently 
stained during  the  prenatal and  early  postnatal period. 
Compared to El8  hearts, hearts from neonates  (l-7  days) 
appeared  to stain more intensely. A  decrease  in cytoplas- 
mic  immunoreactivity  for  bFGF  was noted between 26 
days and 2  months of  postnatal life.  Nuclear  staining, 
while somewhat  inconsistent, was most notable in neonatal 
rats (Fig. 6f,iJ),  particularly around the nuclear membrane. 
We noted that the media of coronary vessels  in most of the 
sections stained more  intensely  than  the  cytoplasm  of 
cardiocytes (Fig. 6i). Capillaries were also immunoreactive 
(Fig.  6j).  No  immunoreactivity  was seen on  any of  the 
negative controls, while  a strong reaction was evident in 
our cerebral cortex positive controls (Fig. 6g-h).  Because 
of  the thinness of  the endothelial cytoplasm we are not 
able  to  comment on  the level  of  its  immunoreactivity. 
However, as illustrated in  Fig.  6, some reactivity  can be 
seen. 
14-15  18  2-l  DAYS  1MO  2M0  6M0 
DAYS 
LPRENATAL  -  ti  POST  NATAL  A 
Fig.  8. Gram  counts  of  bFGF  mRNA  obtained  from  micrographs  of  hearts  from  rats of  various  prenatal  and postnatal  ages.  n  is indicated  in  parentheses. 
* Significantly  different  from  earlier  time  point;  the 2-month  group  is compared  to the 2-7-day  group.  Data  at  1 and 6 months  are individual  observations. 
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In  situ  hybridization  analysis  was performed  in  order  to 
(1)  localize  the  sites of  bFGF  synthesis  and (2)  determine 
if  the  intensity  of  hybridization  signal  correlated  with 
immunoreactivity  and  specific  ages during  development. 
Like  the  immunoreactivity,  bFGF  message was  quite  ho- 
mogeneous  across the  myocardium  (Fig.  7),  as indicated 
by  similar  grain  counts  in  the four  fields  sampled in  each 
specimen.  We  did  not  find  a preferential  grain  density  in 
vessels or  cardiocytes.  Mean  grain  counts  for  hearts from 
selected age rats are provided  in  Fig.  8. The  data indicate 
that  expression  of  bFGF  mRNA  is  high  during  the  early 
phase of  myocardial  vascularization  (El4  and E15),  falls 
by gestation day  18, and is again high  during  the first  week 
of postnatal  life.  In  rats aged 1 and 2 months,  expression  is 
reduced  and  is  similar  to  that  of  the  adult.  Statistical 
analysis  indicates  that  the  differences  between  two  adja- 
cent  age groups  are significant  in  all  instances.  P  values 
are as follows:  E14-15  vs.  El8  < 0.00001;  El8  vs.  l-7 
days =  0.0001;  l-7  days vs. 2 months  =  0.01. 
4. Discussion 
The  present study  represents a continuation  of  previous 
work  [5],  based  on  electron  microscopy,  which  docu- 
mented the volume  density  of  coronary  vessels in  relation 
to other  tissue components,  and defined  the formation  and 
maturation  of  capillaries.  Several  key  findings  have 
emerged from  this  study.  First,  we  documented  the trans- 
mural  growth  of  the  coronary  microvasculature  and  its 
postnatal  capillary  enzymatic  differentiation.  Second,  the 
temporal  formation  of the coronary  arteries has been estab- 
lished.  Third,  two  peak periods  of bFGF  expression  which 
correlate  with  (1)  the early  stage of  vascularization  and (2) 
the neonatal  period  of  marked  capillary  proliferation  have 
been identified. 
4.1.  Temporal  sequence  of  coronary  vascularization 
Previous  work  in  a variety  of  species has demonstrated 
that coronary  vascularization  begins  with  the formation  of 
small  blood  island-like  structures  in  the  epicardium 
[4,5,21-231.  The  formation  of  capillaries  is  preceded  by 
the  deposition  of  fibronectin  and  is  accompanied  by  the 
deposition  of  laminin  followed  by  collagen  IV  [24].  In 
humans,  the earliest  structures  were  noted  in  the interven- 
tricular  sulcus  [4,7].  Our  documentation  of  a  transmural 
gradient  provides  further  support  for  the  thesis  that  en- 
dothelial  progenitor  cells  migrate  into  the  myocardium  to 
form  a microvessel  network.  A  base-to-apex  direction  of 
vascularization  has also been suggested [25,26].  However, 
our  data,  which  show  that  the  superficial  portion  of  the 
ventricle  has a similar  volume  density  of vessels from  base 
to apex,  suggest that  in  the rat  the  pattern  of  vasculariza- 
tion,  at  least  between  18 days  of  gestation  and  birth,  is 
fairly  homogeneous.  The  discordance  in  these  findings 
may  be  attributed  to  the  fact  that  we  measured structural 
vascularity,  while  the  earlier  studies  obtained  measure- 
ments based on ink-perfused  vessels, i.e., functional  vascu- 
larity. 
We  found  that  up  to  and  including  the  16th  day  of 
gestation,  vascular  channels  lack  smooth  muscle.  Analysis 
of  consecutive  serial  sections  has provided  documentation 
that  smooth  muscle  first  appears  as  vascular  plexuses 
coalesce at the root of  the aorta to form  the major coronary 
vessels, and that it  is added later to the more distal  portions 
of  these channels.  These  findings  are consistent  with  the 
work  of  Hood  and  Rosenquist  [8]  who  demonstrated  that 
smooth  muscle  alpha  actin  is  first  expressed at the site  of 
coronary  vessel  attachment  to  the  aorta  and  that  it  pro- 
gresses distally  from  that  point.  Even  in  fetuses  at  term 
(E22)  the apical  quarter  of  the ventricles  lacks vessels with 
distinguishable  media.  Thus,  some  of  the  vessels  larger 
than capillaries  with  the appearance of  venules  are arterial 
channels  which  have  not  as yet  developed  a media.  That 
differentiating  smooth muscle  cell  progenitors  are attracted 
to endothelial  channels,  possibly  via  a chemotactic  mecha- 
nism,  has  been  demonstrated  in  chick  hearts  [2].  Our 
observation  that  small  vascular  plexuses  grow  into  the 
aorta  is  consistent  with  previous  work  in  avian  models 
which  used  monoclonal  anti-endothelium  antibodies  [9] 
and  ink-injected  whole  hearts  [lo].  Moreover,  we  have 
determined  that unification  of  the coronary  arteries and the 
aortic  lumen  occurs on the  17th day of  gestation  in  the rat. 
Previous  studies have  indicated  that the development  of 
the  venous  system  is  a relatively  early  event.  In  humans, 
venous  connections  of  the  epicardial  plexus  to  the  coro- 
nary  sinus  have  been noted as early  as stage 15, i.e.  about 
31  days  gestation  [7].  Although  we  did  not  specifically 
address this  issue  in  our  study,  we  noted  the  presence of 
endothelial-lined  channels  larger  than  capillaries  (>  10 
pm)  during  the early  embryonic  stages of  vascularization, 
i.e.,  14-15  days.  The  larger  channels  were  found  in  the 
basal third  of  the ventricles  and may be the forerunners  of 
the  major  coronary  veins.  Nevertheless,  there  is  ample 
evidence  to  support  the  assumption  that  a venous  system 
begins  forming  during  the early  stages of  coronary  vascu- 
larization.  Since  the attachment  of  the coronary  arteries to 
the  aorta  occurs  later,  the venous  vasculature  may  be the 
only  source of a blood  supply  to the capillary  bed. In  chick 
hearts,  networks  of  microvessels  from  the  atrioventricular 
sulcus  and  from  the  dorsal  surface  of  the  ventricles  con- 
nect  to  the  sinus  venosus  [lo].  Evidence  based on  experi- 
ments  utilizing  immunohistochemistry  and  quail-chick 
chimeras,  suggests  that  the  small  vessels  originate  via 
vasculogenesis  and  grow  into  the  sinus  venosus,  rather 
than  originating  from  the  latter  131. Although  some 
venous-type  vessels  may  be  lymphatics,  their  numbers 
would  be limited  compared  to veins  and venules. 
4.2.  Development  of enzyme  expression 
Previous  work  [27]  has shown  that  during  development 
of  the rat and chicken,  histochemical  detection  of  alkaline 
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phosphatase (AP)  and  dipeptidyl  peptidase  IV  (DPP  IV) 
lags behind  morphological  differentiation,  and is not  com- 
pleted  until  the postnatal  period.  Our  data agree with  this 
conclusion,  but  also specify  that reactivity  of  the enzymes 
in  capillaries  is  not  evident  until  the  second  postnatal 
week,  and  that  the  proportions  of  capillaries  staining  for 
each enzyme  change  between  the  first  and  second month 
of  postnatal  life.  The  significance  of  these  enzymes  in 
capillaries  has  not  been  established.  However,  DPP  IV 
may  be  important  to  leukocyte  adhesion  and  vessel  wall 
penetration  [28],  and  has been  shown  to  bind  fibronectin 
[29].  AP  is involved  in  the active  transport  of  a number  of 
substances, e.g., inorganic  phosphate and protein  [30],  and 
is  sensitive  to  0,  levels  as demonstrated  by  a decline  in 
the  number  of  capillaries  which  are  positive  for  AP  in 
hearts of  mice  subjected to hypobaric  conditions  [31].  The 
increase in  proportion  of  alkaline  phosphate positive  capil- 
lary  profiles  between  27 days and 2 months  could  be due 
to either  (1)  increase in  segment length  of  arteriolar  capil- 
laries  or  (2)  shift  in  enzyme  dominance,  i.e.,  increase  in 
alkaline  phosphatase activity. 
4.3. Basic jibroblast  growth  factor  and  vascularization 
A few  studies have addressed immunoreactivity  of bFGF 
in  prenatal  hearts.  Immunohistochemical  localization  with 
anti-bFGF  antibodies  revealed  the presence of  this  growth 
factor  in  chick  myocardium  as early  as  the  tube  fusion 
stage [13].  Another  study  reported  that  embryonic  chick 
myocytes,  but  not  the  extracellular  matrix,  are  highly 
immunoreactive  for  bFGF  at all  stages between  12 and 24 
[14].  During  later  in  ovo  stages the  intensity  of  staining 
decreased, and  by  day  19 became limited  mostly  to  the 
epicardial  region  of  the  myocardium  [32].  Our  data in  rat 
hearts are in  agreement with  Spirit0  et al. [14],  who  found 
bFGF  immunoreactivity  to  be  distinct  and  widely  dis- 
tributed  in  the  myocardium,  including  cardiocytes,  en- 
dothelial  and smooth  muscle cells,  throughout  the prenatal 
and early  postnatal  periods.  These findings  are in  concert 
with  data from  immunoassays  which  indicate  that  bFGF 
levels  are  much  higher  in  prenatal  and  neonatal  bovine 
hearts [ 111.  However,  unlike  Spirit0  and colleagues,  we did 
not  find  a notable  reduction  in  smooth  muscle  immuno- 
reactivity  during  the first  month  of postnatal  life.  Immuno- 
reactivity  of  the  media  was  previously  reported  by  Kar- 
dami  and Fandrich  [33]  in  a number  of  species including 
the  rat.  It  is  possible  that  differences  in  smooth  muscle 
immunoreactivity  are  due  to  methodological  differences. 
For  example,  Spirit0  and  colleagues  embedded  hearts  in 
paraffin,  while  Kardami  and  Fandrich  and  we  utilized 
cryostat  sections. 
Since  basic  FGF  is  a known  mitogen  for  a variety  of 
cell  types  which  originate  from  mesodermal  and neuroec- 
todermal  lineages  [34],  one  would  expect  it  to  to  be  of 
importance  in  the  developing  heart.  Its  role  in  coronary 
angiogenesis  is  documented  by  several  lines  of  evidence. 
bFGF  has been shown  to increase the number  of  arterioles 
and  capillaries  in  the  infarcted  rat  heart  [35],  and  to 
enhance  maximal  collateral  flow  in  the  ischemic  canine 
heart [36].  The  migration  of  bovine  endothelial  cells (from 
coronary  arteries,  veins  and  adrenal  microvessels)  in  cul- 
ture  is  enhanced  when  bFGF  is  added  to  the  medium, 
while  antibodies  to  bFGF  inhibit  migration  [37].  We  re- 
cently  showed that cellular  migration  from  El 2 hearts onto 
a  collagen  gel  is  enhanced  when  bFGF  is  added  to  the 
culture  medium  [38]. 
It  would  appear that  high  levels  of  bFGF  mRNA  tran- 
scripts  could  be  related  to  myocyte  proliferation  and/or 
vascularization.  Cellular  proliferation  of  fetal  and neonatal 
myocytes  has been shown  to occur  when  bFGF  is added to 
the culture  media [39].  Moreover,  chicken  myocyte  growth 
has been shown  to be dependent  on receptor-coupled  FGF 
signaling  during  the first  week in  ovo [@I,  a period  of time 
which  includes  the  onset  of  coronary  vascularization. 
Therefore,  high  levels  in bFGF  mRNA  transcripts  after this 
time could  be related to myocyte  proliferation  as well  as to 
vascularization.  The  high  levels  noted  in  El4  and  El5 
hearts correspond  to the early  period  of vascularization  and 
may  relate to the initiation  of  this  process. The  low  levels 
noted  in  El8  hearts  could  be  due  to  a  relatively  stable 
period  of  vascularization  as evidenced  by  our  finding  that 
vascular  volume  density  in  the prenatal  rat heart is similar 
at gestation days  15 and 18 and then increases significantly 
by  the 20th  day  [5].  The  high  levels  during  the first  week 
of extrauterine  life  correspond  to a marked vascular growth 
which  has been  shown  to  occur  during  the  perinatal  and 
early  post-natal  period.  Studies  in  rats  have  shown  that 
absolute capillary  length  increased  about  9-fold  during  the 
first  5 days of  postnatal  life  [41],  and that  close to half  of 
the capillaries  present  in  the  normal  adult  rat heart  origi- 
nate during  the first  3 postnatal  weeks [42].  Therefore,  the 
high  transcription  of  mRNA  during  the neonatal  period fits 
well  with  a marked angiogenesis.  Similarly,  the subsequent 
fall  with  maturation  corresponds  to  a  reduced  rate  of 
angiogenesis. 
A possible  role  of basic fibroblast  growth  factor (bFGF) 
in  angiogenesis  in  neonatal  rats  is  suggested by  evidence 
that  protamine  decreases capillary  proliferation  when  ad- 
ministered  during  the  first  2-4  weeks  after  birth  [42].  In 
vitro  experiments  have documented  the inhibitory  effect  of 
protamine  on  FGF  [43].  One  avenue  of  inhibition  is  via 
both  aFGF  and  bFGF  receptor  binding  [43,44].  Interest- 
ingly,  in  contrast  to bFGF,  acidic  FGF  expression  declines 
during  the first  week  of  postnatal  life  [45],  and according 
to  the  authors  could  be related  to  the  decline  in  myocyte 
proliferation  during  the neonatal  period.  Questions  regard- 
ing  the  specific  function  of  bFGF  and  aFGF  in  heart 
development  remain  to be defined.  However,  the presence 
and expression  of  these factors  during  heart  development 
implicates  them  in  some  aspects  of  cardiac/coronary 
growth  phenomena. 
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